A selective and sensitive chemiluminometric flow sensor for the determination of L-glutamate in serum, based on immobilized oxidases such as glutamate oxidase (GOD), uricase (UC) and peroxidase (POD), is described herein. The principle for the selective chemiluminometric detection for L-glutamate is based on coupled reactions of four sequentially aligned immobilized oxidases, UC/POD/GOD/POD in a flow cell. The immobilized UC was employed to decompose urate, which is one of the major interfering components in serum for a luminol-H2O2 chemiluminescence reaction. The H2O2 produced from the UC reaction readily reacted with reducing components, such as ascorbate and glutathione, and then the excess H2O2 was decomposed by the immobilized POD. L-Glutamate in the sample plug was enzymatically converted to H2O2 with immobilized GOD. Subsequently, the peroxide reacts with luminol on the immobilized POD to produce chemiluminescenece, proportional to glutamate concentration. The enzymes were immobilized on tresylated poly(vinyl alcohol beads). The immobilized enzymes were packed into a TPFE tube (1.0 mm i.d. × 60 cm), in turn, and used as a flow cell. The sampling rate was 30 h -1 . The calibration graph for L-glutamate is linear for 20 nM -5 µM; the detection limit (signal-to-noise = 3) is 10 nM.
L-Glutamate (Glu) plays a significant role in amino acid biosynthesis and metabolism, and is an important neurotransmitter in the mammalian central nervous system. Analytical methods have been developed for the reliable and accurate determination of low Glu concentrations in various biological fluids. HPLC [1] [2] [3] and gas chromatography-mass spectrometry 4 are reliable, but are time consuming and produce an excessive amount of information that is not required for the purpose, and result in high cost per analysis; therefore, it is unsuitable for the rapid routine analysis of large numbers of samples.
Enzymatic methods have been developed for the selective determination of Glu using glutamate dehydrogenase (GDH). 5, 6 For a rapid assay of Glu in biological fluids, glutamate oxidase (GOD) was immobilized and used as reactors [7] [8] [9] [10] [11] [12] [13] or electrodes 14, 15 in flow-injection (FI) systems with amperometric detection or chemiluminometric detection. 13 GOD catalyzes the oxidative deamination of Glu with a concomitant production of hydrogen peroxide [Glu + O2 + H2O → ketogluarate + NH3 + H2O2]. The methods are simple, but are subjected to several interferences. GOD is highly specific for Glu, 16 but the hydrogen peroxide produced reacted instantly with the reducing substances, such as urate, ascorbate and glutathione in serum, 17, 18 which depress the results. A chemiluminometric flow sensor with coimmobilized peroxidase (POD) and GOD has been developed for the sensitive determination of Glu, 19 but can not be used to determine Glu in real samples, because it is seriously subject to interference from the reducing substances.
This paper describes a single line chemiluminometric (CL) FI system for the selective determination of Glu using luminol solution as a carrier solution and a flow-through sensor based on immobilized uricase/POD/GOD/POD. The novelty of our method is in the on-line elimination of interferences from the reducing substances by immobilized uricase (UC) and POD contained in the flow cell. Urate in a sample plug is converted quantitatively into allantoin, which is inactive to hydrogen peroxide with a concomitant production of hydrogen peroxide by the immobilized UC [urate + O2 + H2O → allantoin + CO2 + H2O2]. Other reducing compounds in the sample plug are oxidized instantly by the hydrogen peroxide, and then the unreacted hydrogen peroxide is decomposed by the subsequent POD-catalyzed hydrogen peroxide-luminol reaction on the immobilized POD. The luminescence intensity is also affected by the interaction between the unreacted reductants and radical intermediates of the luminol reaction. 20 The luminescence does not interfere in the subsequent measurement of Glu, because it is emitted immediately after contact with the immobilized POD, and is instantaneous. Glu in the sample plug is degraded to yield hydrogen peroxide with immobilized GOD; the amount of light emitted from immobilized POD which is in the downstream of the flow cell is proportional to the Glu concentration. Thus, two-peak recording is obtained by one injection of the sample solution. The peak height for the first peak is due to the concentration of urate and other reductants; the peak height for the second one is dependent only on the concentration of Glu.
The method was applied to the determination of Glu in serum.
Experimental

Reagents
Glutamate oxidase (EC 1.4.3.11, L-glutamate: oxygen oxidoreductase (deaminating), from Streptomyces sp., 20 U mg -1 , GOD), uricase (EC 1.7.3.3, from Arthrobacter globiformis, 30 U mg -1 , UC), and peroxidase (EC 1.11.1.7, from Arthromyces ramosus, 250 U mg -1 , POD) were obtained from Yamasa Shoyu (Chiba, Japan), Asahi Kasei (Tokyo, Japan), and Suntory (Osaka, Japan), respectively.
Hydrophilic vinyl polymer beads (TSKgel Toyopearl HW-65F, particle size 50 -60 µm) were purchased from Tosoh (Tokyo, Japan). All other reagents were of analytical-reagent grade.
A stock solution (10 mM) of luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) was prepared by dissolving in 0.1 M carbonate buffer (pH 10.0) and stored for more than three days in a refrigerator to attain stability before use. 17, 21 The solution was diluted 100-fold with 0.05 M sodium carbonate-0.1 M sodium hydrogen carbonate buffer (pH 9.0) before use. Standard glutamate solutions were prepared daily by dissolving L-glutamic acid in 0.05 M sodium carbonate-0.1 M sodium hydrogen carbonate buffer (pH 9.0).
Construction of the immobilized enzyme flow cell
The beads (0.8 g) were washed with dry acetone (20 ml) and suspended in 10 ml of dry acetone-pyridine (1:1 v/v). With vigorous magnetic stirring, 1 ml of tresyl chloride (2,2,2-trifluoroethanesulfonyl chloride) was added dropwise to the suspension for over 5 min. The reaction was continued for 15 min. The beads were washed with acetone (100 ml) and 1 mM HCl (100 ml). The tresylate-beads (0.2 g for UC or GOD, and 0.4 g for POD) were suspended in gently stirred (5 ml) of 0.1 M phosphate buffer (pH 7.0) containing UC (2 mg), GOD (2 mg) or POD (5 mg) at room temperature for 3 h. After immobilization, the quantity of the enzyme in each solution was spectrophotometrically determined at 280 nm; UC, POD and GOD were immobilized with 98, 100 and 97% yields, respectively.
The immobilized UC, POD and GOD, respectively, were packed in turn into a transparent PTFE tube (1.5 mm o.d., 1.0 mm i.d., 60 cm length, limiting pressure 50 kg cm -2 , Valuqua, Tokyo, Japan) by a slurry packing method, as showed in Fig. 1 . The end of the tube was closed with ceramic frit (pore size 0.5 µm, GL Sciences, Tokyo, Japan). The tube was coiled spirally and used as a flow cell. 22, 23 The immobilized enzymes were washed with 0.1 M Tris-HCl buffer (pH 8.0) to saturate the free linking sites.
When not in use, the cell was washed with 0.1 M phosphate buffer (pH 7.0) and stored in a refrigerator.
Flow system and procedure
The flow-injection system used in this work is shown in Fig.  2 . The luminol solution (100 µM) was pumped by a piston LC pump (Hitachi L-6000, Tokyo, Japan) at a flow rate of 0.3 ml min -1 . Sample solutions were injected through a six-way valve (Sanuki SVM-6M2L, Tokyo, Japan) equipped with a 10 µl loop into the luminol solution.
The chemiluminescence was measured at room temperature (22 ± 2˚C) with a luminometer (Soma S-3400, Tokyo, Japan) connected to a pen recorder (TOA FBR251A, Tokyo, Japan); the voltage for the photomultiplier tube was maintained constant at 900 V. The height of the recorded FI peaks was manually determined in relative units. Serum (2 µl) was diluted with 400 nM urate in 0.05 M sodium carbonate-0.1 M sodium hydrogen carbonate buffer (pH 9.0) to 2 ml and filtered through an ultrafiltration membrane (USY-1, Advantec, Tokyo, Japan). The filtrate (10 µl) was injected via the valve.
The results obtained by the present method were compared with those obtained with high-performance liquid chromatography (column: TSKgel SCX (150 × 60 mm i.d.), mobile phase: citrate buffer (solvent gradient), postcolumn derivatization with ninhydrin).
Results and Discussion
Properties of the immobilized enzymes
The effect of the pH on the activities of the immobilized enzymes for Glu, urate and H2O2, respectively, was studied over the pH range 8.0 -10.0 using 0.1 M Tris-0.1M HCl (pH 8.0 -9.0) buffer and 0.05 M sodium carbonate-0.1 M sodium hydrogen carbonate buffer (pH 9.0 -10.5). The system shown in Fig. 2 was used. The maximum sensitivities were achieved at pH 9.0, 9.5 and 10.0 for Glu, urate and H2O2, respectively.
The effect of the pH on the stability of the enzymes was evaluated for 20 days. The luminol solutions which were buffered at pH 9.0 and 9.5, respectively, in the carbonate buffer were pumped for 4 h, in a day and each sample solution containing a substrate (1 µM) was injected every 10 min. The flow cell was washed with 0.1 M phosphate buffer (pH 7.0) and then stored in a refrigerator when not in use. The decrease of the peak heights obeyed almost first-order kinetics. The halflife periods of the GOD, UC and POD were 41, 39 and 43 days at pH 9.0, and 18, 25 and 42 days at pH 9.5, respectively. As a compromise between sensitivity and stability, pH 9.0 was chosen.
The influence of the luminol concentration on the activities of the immobilized enzymes was studied over the range 20 to 400 µM by injecting each sample solution containing a substrate (5 µM). The sensor exhibited constant peak heights above 50 µM for urate and H2O2, and 80 µM for Glu. By injecting a mixture of Glu and urate (5 µM each), the identical results were obtained. A 100 µM luminol in the carbonate buffer (pH 9.0) was chosen.
The responses were measured by changing the flow rate of the luminol solution from 0.1 to 0.5 ml min -1 ; above 0.5 ml min -1 , the pressure in the flow cell exceeded the limit one (50 kg cm -2 ).
For urate the peak area was almost constant up to 0.5 ml min -1 . The sharpness of the peaks and their heights increased with increasing flow rate. For Glu the peaks were broader than those for urate at the same flow rate because the sample plug is dispersed to some extent at the immobilized UC and POD which are in the upper stream of the flow cell. The peak heights decreased with increasing flow rate; reactions are dependent on the flow rate. At 0.3 ml min -1 , the conversion efficiencies for Glu and urate were 79 and 100%, respectively, immediately after the preparation of the immobilized enzymes; the peak heights for Glu and urate were compared with one for H2O2. To increase the conversion efficiency for Glu, a flow cell which was packed with the immobilized GOD 20 cm long and the immobilized POD 5 cm long was used in the place of the flow cell shown in Fig. 1 . The peak height decreased because the amount of the immobilized POD was not sufficient to complete the luminol reaction. Urate solutions containing no Glu, even at concentrations as high as 5 µM, did not produce a double peak, which is evidence for incomplete decomposition of the H2O2 with the first immobilized POD.
Simultaneous determination of Glu and urate
By injecting a mixture of Glu and urate (150 nM each), a broad unresolved peak with a shoulder was obtained at 0.1 ml min -1 . At 0.5 ml min -1 two sharp peaks were obtained, but the peak height for Glu was one-third that for urate. Figure 3 shows the FI response obtained from the standard mixture at a flow rate of 0.3 ml min -1 .
The influence of the concentration of urate in the mixture on the peak height of Glu was studied by using a series of 200 nM Glu standards containing from 100 nM to 1.0 µM urate (the concentration of urate in serum for healthy subjects is ranges between about 0.7 and 3 times that of Glu 6, 24 ). The peak height was compared to a 200 nM Glu standard containing no urate. Urate concentrations of up to 550 nM did not affect the peak height for Glu. Negative errors were observed with recoveries of 98, 84 and 71% at 600, 800 and 1000 nM urate, respectively; since the second peak is on the tail of the large first peak for urate, the luminescence for the second peak may be quenched by radical intermediates of the luminol, which is produced in the larger peak for urate. The interference can be avoided by injecting smaller sample volume and/or by increasing the flow rate of the luminol solution (carrier solution), because the resolution between two peaks was improved, as described below.
The effect of injection volume on the peak height and the resolution was studied from 5 to 20 µl by injecting a mixture of Glu and urate (200 nM each) at a flow rate of 0.3 ml min -1 . The peak height for urate increased with increasing the volume and was almost constant above 15 µl; the peak height for urate at 15 µl was about 2.8-times that at 5 µl. The resolution decreased with increasing the volume. The resolution (Rs) between two peaks was defined as Rs = td/(W1 + W2); td is the distance between two peaks (mm) and W1 and W2 are the peak widths (mm) at half height for urate peak and Glu peak, respectively, as shown in Fig. 3 . The resolution decreased with increasing the injection volume; at 5 and 13 µl, Rs values were 1.3 and 0.89, respectively. The volumes greater than 20 µl produced unresolved broad peaks. Maximum injection volume is limited by the volume of the solution held in the immobilized GOD (i.e., the dead space in the support), since the luminescence reaction can take place simultaneously on immobilized POD parts, which are either side of immobilized GOD in the flow cell; when the injection volume goes over the dead space, higher resolution is not obtained. Of course, the flow rate of the luminol solution had some influences on Rs. At higher flow rates, the sharp peaks and higher Rs were obtained because the sample plug spreading due to diffusion proceeds as a function of time; a reduction of the flow rate causes a lowering of the resolution. An injection volume of 10 µl and a flow rate of 0.3 ml min -1 were selected as a compromise between the Rs and sensitivity (peak height for Glu); under the conditions, Rs is 931 ANALYTICAL SCIENCES AUGUST 2001, VOL. 17 . W1 and W2 are the peak widths at half height for the first peak (urate) and the second peak (Glu), respectively. td is the distance between two peaks. 0.98, as shown in Fig. 3 , and the maximum sample throughput was 30 h -1 .
Under the conditions shown in Fig. 2 , the peak heights were measured by changing the concentrations of Glu and urate, keeping the concentration ratio of these substrates at 1:1. Each plot was linear from 20 nM to 5 µM with correlation coefficients of 0.995 (15 data points) for Glu and 0.997 for urate; the slope of the graph for urate was 1.25-times that for Glu.
For ten successive injections of a mixture (150 nM Glu and 400 nM urate), the measured peak heights had a relative standard deviation (RSD) of 0.81% for Glu and 0.74% for urate.
The detection limits (signal-to-noise = 3) were 10 nM for Glu and 5 nM for urate.
Interferences from ascorbate and gultathione
The influence of ascorbate and glutathione on the peak height for Glu was studied by using a series of mixtures (Glu and urate, 200 nM each) containing from 100 nM to 400 nM ascorbate or glutathione. The peak heights for Glu were constant up to 200 nM ascorbate or gutathione, as shown in Fig.  4 ; it is clear that the presence of ascorbate or glutathione in equimolar amounts with urate does not interfere with the measurement of Glu, because these substances readily react with the H2O2 formed by the UC reaction. Greater amounts of ascorbate and glutathione cause too low Glu concentrations to be found.
Application
The sensor system shown in Fig. 2 was applied to the determination of L-glutamate in fresh serum containing 141 µM Glu; the concentrations of urate, ascorbate and glutathione, which were obtained by enzymatic methods, [24] [25] [26] were 312, 183 and 1 µM, respectively. Figure 5 shows four responses obtained from the serum sample; the serum was diluted with the carbonate buffer (pH 9.0) and filtered; the filtrate was then injected into the system. The relative standard deviation for 12 replicate injections was 0.80%.
For a comparison, determinations were carried out by the HPLC; n = 10, range 141 -211 µM Glu (142 -392 µM urate and 190 -440 µM ascorbate). For the FI determinations the serum was diluted with the 400 nM urate in 0.05 M sodium carbonate-0.1 M sodium hydrogen carbonate buffer (pH 9.0) to avoid interference from the large amount of ascorbate, since the fresh serum of healthy persons contains 140 -410 µM urate, 25 120 -580 µM ascorbate, 27 and 1 -2 µM glutathione. 28 The results are summarized in Table 1 . The calculated linear regression and correlation coefficient was y = 1.03x -3.42 and 0.997, respectively. The present method gave slightly smaller values because of the large peak for urate, especially for sample 932 ANALYTICAL SCIENCES AUGUST 2001, VOL. 17 Fig. 4 Effects of ascorbate and gultathione on the peak heights for urate peak (C) and Glu peak (A, B). A: ascorbate; B: glutathione; C: glutathione .   1  153  156  266  194  2  182  187  378  135  3  207  211  392  147  4  170  171  155  440  5  141  142  216  358  6  158  158  194  417  7  161  162  254  377  8  176  177  163  190  9  194  194  358  336  10  164  165  142  395   Table 1 Comparison of the results of a glutamate assay in human serum by the present FI system and by chromatography a. All values are means (n = 5). b. Urate was determined by a photometric method using uircase, MBTH-S and peroxidase. 
Conclusion
We have demonstrated that the flow-through chemiluminescence sensor based on the integration of immobilized GOD, UC and POD can be used to simultaneously determine the trace amounts of glutamte and urate. The sensor is stable enough to permit the measurement of more than 2000 samples. The sample throughput is 30 h -1 . The sensor system is useful for simultaneous measurements of Glu and urate.
The sensor system is applied to selective determination of Glu in serum. The system is useful for selective measurements of Glu in serum without any tedious pretreatment. The present system gives accurate results that show a good correlation with results obtained by chromatography.
